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This paper proposes a novel tt~ll~li(]i]( b: srcl on tile decc)jwolution approach for the
simultaneous estimation ancl C[))Il; K’l)S;:ti  ;)II ~~ )f the rm]ltipath  cstimtion  clrors in both the
carrier phase lock and the code dcl:iy  io~k liwps i]) (;PS reccivos,  Simulation results are
presented showing~hat the pI uposcd (i I’S I (cek’ei algorith]n acllievm  high precision in
the range and differential ranp,c cstil)Jti[i(lrl  i~l various GI’S precision applications such as-
SpaCeCi2Lfi  attitude contro],  C\ ’C’J) LI o I(’! ;lively severe mullipath”  environment. The
proposed architecture and alj;oli[’lljl ~llt]crcntly irm]ve  tl adeofl’s a m o n g  t h e
hardware/soflware  implementation (ol]l~jlcxit  y, the cx[crit  of the niultipath  expected in the
specific application, and the dc{l]ec  {Jflll[llti]):l!l]  cauccllaticm



1 N l’Jt,ol )lJC’1’IC)N

The superio] ity of Gl>S receiver tc~lirl  )lt.l~~}  twer ot}lcr cor[~pctirl~
of the cost, reliability, mass, siz~’, aflci IIwlvrr considerations, as

technologies, in terms
proven in its various

applications such as navi~galioll, s]): [.(,(r~ (] olilit detelminati(Jr~,  and surveying, has
constantly prompted the cx(e]]si(~ll of (;l)S tc) other i~n]mriarlt  areas t h a t  r e q u i r e
increasingly more exacting ]wIfoI lrJ{ll~r ir o]n the GI)S systc]rl one such area ,  for
example, is the application of G1)S t,) tlIc attitu(ic  dcterminatiori  of aircraft and earth
orbiting satellites.

I;or the GPS J eceivers to provide t IIC J (cquisite  pr ccision, the cxistil}p,  crIc)r sources in the
GPS system must be eliminated or ~1,1 NIt Iy rcduccd. Al. the curIent state of GPS
technology, the most significant et) 01 S(NI UP k the sif;nal  multipath  propagation. For
examj>le,  in spacecraft operational CII\tiI  CJIIIIII,”JItS,  the (WS siglal  is reflected from various
structural components of the spaccc[  at) fili(i  these reflected colnlmncnts  are received by
the GPS along with the desired dircut 1 It-of  sight (1. OS) path, ‘1’}Ic Icflecled signals difler
fIonl the desired LOS path si{’,ljal  iu ICI li~s of tl)cir delays, amplitu(ics and phases. The
carrier phase tracking 100}) ])~o\’i(lcs 1)1,1 II IIere[it (iiscriminatioll a[~,ainst  t h e  multipath
s ignals  and thus  t racks  tile phas(. (If’ III( colnpositc  si~rlal con uptcd by multipath
components. The resulting diflklclltial  ( ~1 J ,(’I phase estimation error can be orders of
magnitude higher compared to ttl~ t ?s: (If rlc) tn~lltipat]l  ~)ropagation  in many GPS
applications. For example, the JII(’:i LiLII CIIICIIIs  c)btained by the RAT)CAI,  satellite GPS-
AI)S (Attitude Determinatic)n  S-ystctI>) r>{wf ill)ents  htive showJI  that fhc differential range
error in such environment is of’ III( (JI(IL-T of 1 cm COI1 cs~)oncling to an attitude
deternlinatioIl  error of about 0,5 dcf’1 c. ‘J’111 IS fol’ tl)c GPS receivers 10 provide  precision
pointing knowledge (order of’ 1 al L“[l}lll  01 hcttcr \vith 1 mctcI  anlerma baseline) or a
differential rang}e accuracy of atm~l~  ( 3 11)11 or better, the n]ultipath c~ects must be
suppressed by orders of magtlitudcs  Si)])ilal :iccuracy may also I)c (iesirable in other GPS
precision applications in the pJcscIIcc 0:’ Imul,ll}ath  siSrtals such as (;1’S based geophysical
measurements.

Among the past approaches to dwl WIIII  tll[,  Inultipath ~Jroblcn~,  onc approach involves
reducing the early-late delay spacin{;  HrJIO]Ig  ~llc cot(elatols ill the (;1’S receiver code lock
loop. IIowevcr while this apploac}~  Tcd.tcw  i II(’ COCIC ~ang,e  cr[c)rs to sc)Jnc extent, it does
not aid in the carrier phase mcas~li  c~IIr]I!s acx I.11 acy thfit is the basis of most GPS precision
applications, Moreover eve~l  tllc  I C(![IC:I(lJI i!~ the code.  ran{~c CJI OJ is linlited and if the
early-late spacing is smaller th21] t}ll  it:iti? [ ticlay c.trc~l”  ciuc to rnl]ltipath  (easily the case
with many multipath  situations), t}lru 11)1 ILIO]I crto] ca~l be very hi~’,h  and the loop may not
even t)ack, although  the probability of” s,l( II ?,,: rvcIIt n]fiy be small.

In a recent paper [1] based on the ]tla~.il;lul F Iikelillood  (hll.)  estilnation  theory and the
theory developed earlier in [2.3], z s.f of ill)plicil  equations a~e c!eIivcd for the MI.
estimates of the parameters of” iliici  cs~, i c. the ani])litudcs, phases and delays of the
Inll]tipath  Si&)a]S. The papel ~JI(l~l(W’!+ t I SU]\ C thf’SC!  }Ii:$hly rlOJ”lliIICal  illl])]iCit  eCIUatiOnS h
a recursive  manner. Reference [ 1 ] ; Is[l ; 1] cseilts sol)ic simlllation I“esults  s h o w i n g



significant reduction in the multi}ltlll~  c I (~:s ttt the code phase mcasulemcnts  as compared
to the delay lock loop. Howe.vcI, I tfLIcr JI.c  / 1 J does IIot plescnt  ally  Icsults on the carrier
phase measurements, the subjeut  of ])i(j.t int( cst i)) the presc~lt  pa;w.

This paper p] csents  teclmiqucs  fol {ical]i!’, t~ I(I1 tllc rr]ulti~)ath  problenl  in a comprehensive
manner. ‘1’hesc techniques al c bast{l  i>] tltt  ap~)licxi~ic)rl of the o~~tinlal  deconvolution
approach in a somewhat unco~l\’cliiiolj:(l  l)~alrler,  as compared to its application in other
fields such as seismology and tclcconi[mu  Ii(ifions. Tljc proposed method  consists of first
cstinlating  the. kl~UlSt3 rI.3spOIlW  (.1~ I}(: (’fi’(’L’[iv~ Illllltipath  challlld  by a  ]east  squares
algorithm, This step is follo]t’txi  t]:} o!)t ail ii ug all imwrsc filter which equalizes the
multipath  channel response to I}JC dcsi:  (’ii id.til n)ultillath free ICSIJC)IISC  to the maximum
extent possible within the spccificd  t.()~Is\JHi:Its  c)f IIIC il~l~ll~:ll]er]latic)l]  complexity. Note
that there is a j)ossible tradeofi  bet ~fcc ~t]c !l;ll-dw’arc/sc)fi\va[  c conlplexit  y, the dynamics
tracked and the extent ofthc nlltltij]atll  (~lilllilifitiorl  l~~om the equalized response one then
estimates the
the proposed
more severe
environment.

true carrier phase aTI(i (“c)ic dc ‘HY. ‘Ijle sirnr-l]ation  resu]ts demonstrate that
method is capable of cortl~)llt~(}  elilliinatinp,  tlm rnulti~lath  c~istortion  that is
than may possibly tzkr ) Iti;c EJI aly rralistic p] ccisio]l  G1’S applications

M(J1 ,TIPATI1 ELIh41b!A’J I(}F; 1 lY I)] iCONVOI/1J’1’10N  AI’PROACH

in the more conventional telecomlll~l~  lit :+t:oll applications of the cleconvolution  approach
or the cqua]izcr  theory [4], the )))(]l(i],iiit  \Iro]:  ~::atio~l c]lariric]  is nloclclccl  as,

A ! ,

where {u j} represents the tial]s]j~ili(’d s~IIIIIt~l sccpcncc,  {yj} is the channel output
sequerm  and { h~, , h.~,, j,..., /+,, ~1, , };,, } replcscllts  the cliscrctc  c h a n n e l  i m p u l s e

I i. usualty assumed  to be a zero-mean whiteresponse. The additive noise sr{!LIcII[r  I ):, ~
Gauss ian ,  The basic process of {ie{:())li{ll~:(i(~l  -]nvolves the estimation of the transmitted
input sequence {u~] on the basis of rlo:s\ oscrvatio]]s  {yL} assumins  that the discrete
channel impulse response {h~} is k]mv,rrl  10 t] :: receiver. ltl the case of unknown channel
response, ada~)tive equal izatim)  tcclllli{ll  IC:i [ !,6] are used wllercirl  fiI st an approximate
estimate of {h~} is obtained on the Imsis c)f ti I} aininf: sequence kr]owIi in advance to the
receiver and the channel output {yk ] r+l]d s~!):<eqt_lCjltl~  the cstiluate of {h~}  is refined
adaptivc]y  with u~ replaced by its estil[l  tt[:{h’[ictected  version in tile adaJ)tive  al~,orithm,
From the real time estimate of {h~}, :1 Iilllc-i  til-ying, i~lversc  filter is clcrivcd which then
filters {y~} to obtain the estimate of”{ ~11 } II ]) a::ticc tllc two s~eps c)f cstimrrting {hk) ancl
then finding tile corr-espondir-r~  invcls: ; III(I il c conlt)ined  itito n sin!,le s tep of  f inding
directly the adaptive equalizer corilici(it  ~ ‘1 h[ ~lrot)lcnl  whcrciti tlic  adaptive equalization
is achieved without any trainirl~,  SCC![ICIIU[  i rc’titively  ~llore  (iifl; cult and has also received
considerable attention in the lilcrfitul  c,

There arc a number of other ilrllj(~lifill(  HI ~)]ications  of the ada~ltive.  deconvo]ution
approach in various other  fields  suet I a:, :,(i~lll(  ~logy [7] and antctll]a si~nal reconstruction

:{



[8]. All these situations with tllcil I es]).c[ivc Icmni]mlc)gies arc rnodclcd  by equation (1) or
its higher dimensional versions Afial)ti  \,Jc al~’ul ithlns are then de] ivcd fc)llowing  the above
dcconvo]ution  approach.

In the following, the decolwc)l~ltiol]  aj)ll o~r)] is extended to the prob]cm of rnultipath
elimination ill the GPS receive]  code tl ,1( l:ili~’, and ca~ I ier phase IcA loops. The following
derivation of the signal moclc]  sho~t’s b)t 1] t l~c similw it ies ard the difl”krences between the
GPS application of this paper riII(l tllc  o~h{r  a;)~)licatiolls  ofthc dcconvolution  approach.

In the absence of the rnultipath,  the iri~~~t si~,lal  to the (;l)S rcccivcl  is given by:

s(z) = /4( cos[o(  / -/ 0(/)-:] (2)

where the receiver noise is not (x)tlsi[l(rctl  I I the fi) si inst rums, Ac is the received signal
amp]itude and a(t)= +.1 is the ]wi)do-]  alido!il  code waveform that phase modulates the
carrier, and it is assumed that tlic (I;:ti  III( du]at ion is remmvcci in a decision-directed
mannel. in the presence of N IIlulti]):it  1]s iJI ,iclditiol~ to the dircc( line-of-sight path, the
input si~nal  may be charactel izcd as

.!n, (2) = .$(/) -1 (1 , .’!( i ?l;)-t.  -la Ns’(l 7,N, ) (3)

whe re  CZi an(] ~i denote resl~cc(ivc]~,  i t]{. ~lll]~]itlld(: and delay of the i th multipath  for

i;- 1,2,...,N. Aflcr substituting (2) ir] (:+), IIIC. c[rllpositc  I cc.eivtri si!:rml may be expressed as
follows.

As in t}]e conventional delay-lock disc] nlilmi(~l  the signal in (4) is corr’e]ated  with the
rcferencc signals

SL(i) = ?.rx)s((o(ll  I (f(l 7--7,!).;)
(5)

.$E(/) = ?Cos((r),l I {/(1 7+7,.)-;)

where ~ is the delay tracking CIJOJ, ~-t: IS tll~ ofkct delay rcferl eci to as early and late
corre]ator  delay and ~0 is the rcfkrcj}{r  j: C(lu{ i icy. “1’}le  lesulti~lg corl elation functions are

given by



. .
sn, (q. sl (1) = /4,(/(/) (r(l 7 7 ~-)cos((d,i)i  ,..

+Acqi(f z ,V ),(/(/ (6)2- z ,:), Cos(fo ,f + GL,v )

where.  co, = tiJc-coO, some intcrrtjcdialc  fi(qucncy.  “J’he sigrlal  in equation (6)
demodulated by the reference sip,tial  ci(t ) I)t oi’idcxl  by the cm I ier plmse  lock loop

Ci(i) =“ 2 (Os(((.l,  ( -1 0, I (7)

is then

R1i(T)=hoiRc(2 - 1  ?,,  ) { }1,,1{, (1 -i 7d - 7,)-1 . ..-/ /?N.lc  (T-l Td -Thr)

In equation (8) ]<C(r) represents tllc o ,c1(T  H Itocorlelaticm func[ ion, ~o= 1 and O“k =0.

Similady the corresponding sip,lla]  Ot ,ia )r]~d \,,’ith SL rc~]]accd by s} in (6) and denc)ted  by
I<z, (/) may bc written in the follt)wil]!~,  f(!l li~

R2i(T) = /70iRC(?  .- 7~) + }/,,/{,.(?  i , 7, )-1 17 N, f/,(7 - 7~ - 2 h) (9)

The diffcrcmcc  between ~}, ald  )<J,, 11’ic  :s(1 Gil Icd disc]  i]ninato] ful]ct  iol~  1),(7) is now ~iven
by

D,(7)= Aolg=(r)+hl,  g,(z - 71)1 .-l)/,,, gc(7- 7 A ) (lo)
whure

is  the  discrilninator  f u n c t i o n  ill tll( tdral c a se .  (’learly if c<* : of or all ~ # othen
D,(7) = gc(7)  corresponding to tllc cxw ~ lf Iio llwlti~)at\l  ~~topagation  ‘l’he standard delay
lock loop converges to the so]ut iori  1,, t ,flhc cquatioll  1), (?):- O il]stcad  c)f converging to

O which is the soh_rtion  of.gC(r)  : (). ‘1 h( rIIUlI Ij]ath crIoI Zn, can k excessive depending
upon the actual mu]tipath  ~nvil~rjlil(’]ji crlc(mntcrcd  as will be illustrated  by severs]
simulation examples. ]n the apploac]l  of this jlapcr tllc discl-ilrlirlator  fllnction  is measured
first and then via equation (10) is LISCi~ to (sti]llatc all Iilc urlkl]c)u’rl  variables including the
rnultipath delays, amplitudes, and ]Illascs  ZIIICI i tic esti]n;+tes  c)f the ~]lultipath  errors both in
the phase lock and code lock Ioo])s, ‘J’I, C ]rtl]tipat}l  c1 I ors arc tllcn compensated for in
arriving at the final differential pllasr firld C{. NIC range cs[imatcs.

To accomplish the above objcc~ivcs, t};lc als.,) obtains  the quadrature phase version of
equation (1 O) by replacing Ci (t) in (7) hy it ~ (![~wdratul e llhasc vcrsic~t~:

5



Repeating the steps as in cquatiorls (6; i[~ ( 10) OIIC obtairls  tllc expression for the phase
quadrature version Dq(r) of the disc~ iIIJ ti~ior filnc[ion  as

For the purpose of estimating and ,fi~lcf]l):’,, I ‘c nwasur cmcllt  cqua[ions (1 O) and (1 1 ) may
bc combined into the followin$  c(l~]at i{~l  I

2)(T) ‘-  Di(T)-t .jllq( i  ), /), }/,, + jhlg; k ::  1 , . . . ,  N (13)

In equation (12) above j = ~L 1 tilld  I, (I) I,I)IescIIts the nc)ise at the correlator output
cor-1-espondinp, to the noise at lhe IILWVLLI h~~~ut, 111 or(im to a~)llly  the adaptive digital
signal processing techniques, the II ILIlli\~:t}I  dc13ys  rire a])proxilnalcd  t)y intc{:er multiples of
A, where A may be selected to bc s[t ti.icr Iy sn]zlt  to ~>mvidc  tlIe  required multipath
resolution, leading to the follo~}’ill~,  d(>~il  (~d di:,.:1  et~  fbIIII:

(14)

where yj = I)(jA); ~, = .gC (./A); jlj ?/(/,4) and (N4 1,M[~) l“cpresc’nts  t]lc interva] over

which the measured discriminator fiII~c[Io  II i:. sigllific.:int.  Nc)te tt]at equation (14) is of
somewhat more general form tharl  (1 i~) ]il Llm this fc)rlli may also include negative values
of the multipath  delays, Stanclard  esfilli:~ti~~n  Icchniqucs  are IIOW alJ1)licd to estimate the
channel impulse response codlicicllls { }~1 f and tl]e corfes]mndir)g  equalizer filter
cocfilcients  Letting

hT =“[hq,,,  ,., //.l h, ,}1 ,,.., hq, ]

-.
~;! =[g, +q, j... >g,il>x,  !l:) !. ,’:]., 1; j -.M1,...,O,  M21,M2I

the least squares estimate of the un!irioii[ CIHIIIC1  irnpulsc respc)nsc  vector is given by



(15)
,,-.L!I ,=. hfl

where o-~ = }:[~~~ ] .

Now denoting by XO the trurrcatcd ((h ,,c[ t.) 1,ii:ldcd  dcpcrldi]lp,  U]JOII  whe ther  q, > K, or

vice versa ; i= 1,2) version of fi ,i c, , \+’il h

%0= [AA,,. .Vj;.l?  i{ A,]

and by ~j thej times shifled  vcIsioII t)f 1,, ,

‘Xj=[i~,.,  h . )])) .’2+)1

the optimum ])ararneter vector ~ is /’,i\’t’l  lI\I

(A’2+  (~,)
F=( >; X,).;’::;l)-’xc, (16)

J:-(}:, +ql)

Note that in the definition of x,, ilJ(  CIII;LS IC~I ~, alc set equat to zmo ifj falls cmtside

the interval [-q I ,q2]. Also the cot]s[:~l~i  , is ~ l\’cli  by

\ ot:  ?ined t]~ u)rlvolvir][;  the two s e q u e n c e s

,,/,. }, ‘1’j]c  elemenls of z. ale denoted by

h; c(ualizcd  disc. rimi]lato]  response is given by



is the fNkilC of the mu]tipat h CI 10[ it 1 (i(”]it’L” Cstir[l:ition  which  cal”] bc. Coinpensated  for in
the ran~e estimate.

One may note in the dcvelo~m)cllt  i{l)[)v(.  I}IHI t}le solution to t}lc estimaticm problem is not
yet complete, as the measurement C(lu:i’  i{)] I ( i 2) has not taken intc)  account the initial delay
uncertainty z ~ arising as a rcsu]t  of t]Jt Ll!l~J. )Wll pl-oj~a~atiofl  delay,  “1’0 take into account

this uncertainty, the equation (I j?) is tl(w ]11[), iifid as

D ( 7 )  =  hogc(z”-- 7P)+ A,tg, (1 2 ,, ) - t . .  .-!-/( ),, ~, (? - 7,V  - 7 /,)-1  ~?(T) (19)

]n order t o  silnultaneous]y  Cstil[ia[(; it:<’ t llanrd JCSPOIIW VCCIOI h and the delay
uncertainty ~ ~ , let

for some signcc] integer kO and \I,~ith  .A S( 1{ ,111 abc)vc, ‘1’hc cquat io]l (19) may be rewritten
as

I)(7) ‘ hogko (7)+ h,&(i -  1, )  .l)’.,~ko(l -  2N)+ H(T)

(20)

.gko(  ~)’ /,’(?  ~:fi’)>):(1 )’g,(?” 7,)

Assuming that I/rol < N for scmic ill~c~’,rl ‘h 8J .i that g(7) = g,(Z) (II uc foI A small), t h e n

kO is the integer k that minimims  the i~)lli vin~  itidcx

where fi~ is the channel responw c)l)~zi]l:ti 011 tl~e basis c)fleplaci]l~],  kOby k in (20),

gk(o=’[&(7), g,(7 -  i ,  ) . . . , ) ’ ,  (T- 7“A)]7

and gk (~) is a])proximated byg,  (t ~;<f) IJi {~ir cstirn[ttic)rl  of ~1 L fc)r any integer k,  the

discrctization  and estimation plcwc(lu]c  (I’ ( 1.1 i(16) is followed If ~. is the solution of

the minimization in (21), then IIIC. oi~’r  illl ~l]anlld  estimate is p,ivcn  by il = iii’.

Substitutic~n  of ~ in (16) provides IIIC c(cilici.lits  of tllc ilwclsc flltcl and the solution of



(18) yields ~p Note that ifi( is kriotvJI  tl~  II the InlIltipEIth wroI 7,, is smaller than A in

magnitude, then this additic)nal  ])] (icLduI r is not necessary, ] lowcver forkO >0,
considerable error can othel wise C: IISLIC  ill 1}1( cstij~latc  of h.

&lultipath Phasr  Estirnatioti  :. - — . —  — . —  -  .
With ~ ~ denoting the estimate of tlic  l:][lltij ,1[}1 cic]ay  error, onc IIOW solves equation

for h but with ~j equal to g, (jA ~ , ). IXllotillp,  tllc rt-sultir~p,  lcfist squares solution by

~~, then the multipath  phase e] 1 t~r ~st ilJ~: fc is ~~,i~cn  by the arym~c]lt  of the zeroth

component of the estimated i~n~mlsr J csl), }:lse,  i e. , 6P = - ar~(~(  ). This error is

compensated from the carritx ]Itlrisc 10. k loo~~  phase cstilrlate irl tl]c following estimation
cycle.

Figure 1 depicts the block diap,lanl of ( 1)1. j) ~)~)oscd (;l)S rcceivc[” inl[l]elllentation.  Note
that the number of correlatols ~) : (,JJ ~ f),,, 1 1, dc])cllds  upon tllc valLle of A, the spread

oft he expected multipath, and the (ivcu iv,,lu I ion filtc] order selected, ‘1’he linear combiner
simply takes the appropriate diflkrcrj~{s :)f t II{ con  claiors’  outpuls  according  to

D(~-tiA)=R(r+-iA-t  7Li)- }/(. I 1A 7d);j: -Q,,.,,,O,,.., Q,

where 7d is selected to be intc:~,ct  11)1111  i]]lc LIf” A, ‘1 l)t channe] es[irI-l:{tc)r/equalizer block

computes the multipath  phase ar)d dcl:{j  c ] ]{):s accol  din?,  10 e(]l)iitiol~s (1 S) - (21). These
error estimates then appropriately o(I]J)]) ]1.:ltt  the code and car] icr generator phase.

In this section some sinnrlatiofl  cxalil]ll( : tire lJlescrncd  dtyictinp, Ihc pcrfbrmance  of the
proposed multipath  cancellatiml  al~:ori[}l~]  } ii S( some addilic)llal  Ilotatioz]s are introduced
to present these results. Let 1’ a~ld ‘J’<. dt ](IC : IJC sampling ~vwio(i fo] the signal  processing
system and the code chip period  rtsl)c,  t i vcl) Also ]ct ~ d clenotc t]lc normalized delay

‘d / 7; and y be the sample si[gllal-tt).  II )i:.c  ]l:~wet ratio  :,ivcrl  by Y = (~~ ~’1 No ) where
I l]}’ t}IC diJcc[ line-of-si{r,l]t path and NO is the1: :- A: / 2 is the signal  powm Jc(ci’,’t,  ,

one-sided power spectral density of tlit’  rcici  (r thclnlal  noise. }ulther  denote by a and
Q., the vectors consisting of the an Iplit  ~~ ~ti ali:i phases of the (jiscr ctc channel response h
in equation (14). The motivation] Ix’llitld tt, ( ] [, search l)lesetltcd iri this paper has been the
GPS application to precision attitlldc dc::J rllill~l  iorl of I E() (low eal (h orbit) spacecrafls.
Therefore the achievable can ic] )J)fiw i:st iI n:tt ion c] rors are int cr-J)l etcd ill terms of the
equivalent attitude pointing elrols lt ]iim’ t,c rtisi]y scetl that for 1 IIlctcr antenna baseline
the conversion factor between tllc car[ i. I ])11 sc erlol in radians and the corresponding
pointing er[-or in arcmin is approxin iHlcly  Cj.!u:il 10 1 W.4. Swo al sil)]ulatiorl  examples are
presented below in terms of the riotali~)ll$  i]!{ i~ ,]oced in this Section ]<e(all  that (q] + qz) is



>

equal to the number ofdiscrctc  lll(l][il~:+[li~ , I KI + J(2 + ]) is the ltul]lhm  of filter taps and y is
the sample SNR.

a=[l .2 .5.8.9 .’/ 1 2 ,’~1

om=[o -.5 .71.:’ ,8.6 l,:{ .2 .1.1]

~~igure 2 plots the ideal disc~ir]lil,ator  T( ;l)[)I):c g~ (7 ), distorted rcqmnse D(T) of (12) and

the discrete version of the eqilfilirrd ) c~j]ol  Isc lj~4  (7 ) of (1 7). (’:lcady whi!e the zero-

crossing of I)(T) is about .4 I“c I}IC ~cr). (.I osIngs of both /;= (Z ) al)cl lj,,l (7) are equal to

zero. Reducing the tap spacing to z ,, ~ O 1 ( ws riot 111.ake any sigtlificant  cliflercnce in the
zero-cl ossing o f  t h e  functioll  I )(’1 ]1 :s SlIl ,WI-I ill ]’igur e 3 which plots the various

discriminator fhnctions  for the case of “~ , : (~.]. )’i,g,lll  e 4 shows tllc cc)rwergence  of the
delay error as a function of the rllllllt}{, .f :r!nplcs ~)] ocessecl  \vitll  an initial normalized
delay of -.498 chips. Notice th:~{ II]( st(:~:iy .}l ate eI I or wilhc)ut  nmltipath  correction will
remain approximately equal to .4 ‘1 ~. v,liilr ]vit]l the corrcctic)rl  algorithm the error is
approximately equal to ,001 “I’c. Notl” HI,( th; l with it fO dfl-1 IZ (;h’J< at the receiver input
this period of 100 iterations cor~ csjx)r]cl to ctIly 1 S(:C of real ti]~ic as per the definition of
y. Figure 5 shows the car[icl  ~llias( ,~. t)! cxprcsscd ir] arc]ni]] fm the GPS a t t i t u d e
determination application. Note Iha[ tlJ[ II i{i:l rrror ofrnolc  lhal]  30 a[crnin is reduced to
about .1 arcmin,

a= [1 ,8 ,5.3.90.2.5.3 .’/ ,1 ,(5 () .(S ,1 ,03 ,02.1 0’/ 05 .04,1 0.05 .08 .01]

O“, =[0.5 .7 -.71 .3 .5-.61.5 1 X :’ I 01 -,!). ,3 ,6.1 .s - .8  - ,5 ,91.2  - .61]

Figures 6 and ‘1 depict respectiicly  I}IC ,(IIIJ( I {~,ence of ca[lier ph~sc  and the code delay
errors versus the number of samlllcs lrI I ‘Ii c1 II IIplC thr santp]c  SNR is equal to 40dB and
thus corresponds to an update ~x:liod  of 10, 1 s. c for a $OdH-Ilz C:N1<  at the GPS receiver
input. Note that the rnultipatlls  ~vitlll  (141 y y, I ( :Iler t}{iil) 9A arc WCII}:  ill that their relative
amplitudes arc less than 0.1 c)f’ the dil ( c I ~m:l) which makes the ider}tification  of these
muhipaths  more difficult. As may bc il]il.  I J cd f’I om tlmsc figufcs a residual pointing error
of less than 1 arcrnin  and a normali~cd d. lily vi 1 or of ,(JO5 chips is ob~ained in less than 50
iterations. Since the amplitudes (l flilll][i{ :I1]IS j (.)I delays excee.dir~~  9A are m.latively  small,
one may consi(icr  ignoring these and lIw.. SCIC. 1 a filtcl ordel lhat is Jnudt  smaller than q.
~igure  8 shows the resulting  CJI-O1 }m fi)J I [IiTICL’ whml tllc filtel ordcl K I is selected to be
10, As is appal  ent from the figurr, il]( r( ;i(i~lai crlc)r  wlli]c Imch sn]allcr compared to the
initial  erlor of about  30 arcrnill  is rliucl}  lIi:IIIt’J : lI:tI~ Illat achieved wit}]  K]= 35 filter case.

-J (1



CI=[l ,8 .5.3.90.2,5.3.7,1 .5.( 1.:’ 01 .7 .5 .2 .3 ,5 .71.4 .8 .3 .71.7 .8 .6  1
.5 .30 .7]

Om=[O .5.7-.7 1 .3. S-,61,5 1 ,x 2,1 01 -,:1- .3. 6. 1. 5. ,8-. 5.91.2-.6 1 .7-1
-.7.8.6.5-.81.4-.91

Figures 9 and 10 plot the residual car J icr plifisf  and COCIC  delay errors respectively, for [y]==
30 dB. As may be inferred fioni thcs( fi~ll’rs, fo] ttlis case of very severe multipath
propagation, the pointing error is rcdt}cc.i  f) o) !] aboul. . . .“iv a~cmin tc) only 4.5 arcmin while
the residuai delay error is about 01 clli~):

(’()}, ( 11: slOhlS

This paper has presented novel lcc-lulit!~l  (:s tl:trcl  011 tlm clecc~r]\’c~lLltiori  approach for the
simultaneous estimation and conl~]cllw~i  lo of tile IIlultis)ath  estimatic)n  erlors in both the
carrier phase and code delay bastci prcri:io:)  (’J’S applicaticms.  Of particular interest is the
application of the algorithm to GPS b; s~d :[titucle Cietermillatic)ti  of 1.,1;0 (low earth
orbiting) satellites. From the sin~(~latiorls ~~ lf thr al~orithrl~  it tumcd  c)ut that fc)r a one meter
antenna baseline, an attitude a] o! O( ..5 .IC4[I, I( ~ 1 de~ IJ)ay result duc to mr.rltipath  errors.
This result is consistent with the eallicl  N Al Nf[, satrllite  experi[llellt,  III the code pseudo
range measurements errors of the ordm Oj 3 4 C]lips were obsewcd  in the simulations.
From the simulations it also becart]c a;;): I CI[ tIat wlli]c reduci[]g  the early late correlators
delay spacing reduces the effects of tl~cr  i[l~l III ~ise, i~ dc)es  little to l[liti~gate  the eflects of
nmltipath  propagation.

When the proposed algorithm is a] )jlli:( t (1 these simulatiori  examples, the attitude
determination errors are reduced to c)] de: of” a I i arcrl~in  in mc)st cases. in some simulation
examples a residual error of only .1 ir clrlil ~ cari  Iw achieved while for very severe
multipath situation involving 35 l[mltil):iilts  ti ] csidual er] or of about 4 arcmin is achieved.
In terms of code pseudo ran~c cm o~s ~ht c) I or is reduced tc) older of ,01 chips. As
expected, generally the higher the (Icc{)t I VOILII ,lrl filter orclel  the slllallcr  are the residual
en-ors, However beyond a certailt  lillli~  tlw ill I case ir~ filter c)rcier c)r the SNR does not
reduce the errors any further ,i. c. , the ru: Atal t: Irors ]e~[lairl  of the order of one arcmin  as
described above in various sirnulatiorl  c:~fi  Il;)le: Wit 11 tllc order of CII ors thus achieved the
proposed algorithm should make G1’S bar(l atlitude  determination a reality.

~$hc research described in this IlaJIrJ V, aS car-lied out at tl)e. J e t  P r o p u l s i o n
Laboratory, C a l i f o r n i a  Institu[r of ‘1’c. Iil ~logy, undc.r  contlact with the.
National Aeronautics and Space Adllillistl  ~!tiorl. Dr. KunLal  rrceivcd suppor t
from NASA in the form of 1994  aIII  i 19!~  facult}  surl)~ilcr fcllowhips  while
conducting this  research.
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Figurc!d . i:ipsidu~ll Delay Estirnalior]  E rror
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